[1] Using the finite difference time domain (FDTD) method, we have calculated vertical electric field E z , horizontal (radial) electric field E h , and azimuthal magnetic field H 8 produced on the ground surface by lightning strikes to 160-m-and a 553-m-high conical strike objects representing the Peissenberg tower (Germany) and the CN Tower (Canada), respectively. The fields were computed for a typical subsequent stroke at distances d 0 from the bottom of the object ranging from 5 to 100 m for the 160-m tower and from 10 to 300 m for the 553-m tower. Grounding of the 160-m object was assumed to be accomplished by its underground basement represented by a 10-m-radius and 8-m-long perfectly conducting cylinder with or without a reference ground plane located 2 m below. The reference ground plane simulates, to some extent, a higher-conducting ground layer that is expected to exist below the water table. The configuration without reference ground plane actually means that this plane is present, but is located at an infinitely large depth. Grounding of the 553-m object was modeled in a similar manner but in the absence of reference ground plane only. In all cases considered, waveforms of E h and H 8 are not much influenced by the presence of strike object, while waveforms of E z are. Waveforms of E z are essentially unipolar (as they are in the absence of strike object) when the ground conductivity s is 10 mS/m (the equivalent transient grounding impedance is several ohms) or greater. Thus, for the CN Tower, for which s ! 10 mS/m, the occurrence of E z polarity change is highly unlikely. For the 160-m tower and for s = 1 and 0.1 mS/m, waveforms of E z become bipolar (exhibit polarity change) at d The source of opposite polarity E z is the potential rise at the object base (at the air/ground interface) relative to the reference ground plane. For a given grounding electrode geometry, the strength of this source increases with decreasing s, provided that the grounding impedance is linear. Potential rises at the strike object base for s = 1 and 0.1 mS/m are some hundreds of kilovolts, which is sufficient to produce electrical breakdown from relatively sharp edges of the basement over a distance of several meters (or more) along the ground surface. The resultant ground surface arcs will serve to reduce the equivalent grounding impedance and, hence, potential rise. Therefore, the polarity change of E z near the Peissenberg tower, for which s is probably about 1 mS/m, should be a rare phenomenon, if it occurs at all. The equivalent transient grounding impedance of the cylindrical basement is similar to that of a hemispherical grounding electrode of the same radius. For the 160-m tower and for hemispherical grounding electrode, the transient grounding impedance is higher than its dc grounding resistance for s = 10 and 1 mS/m, but lower for s = 0.1 mS/m. For the 553-m tower, the transient grounding impedance of hemispherical electrode is equal to or larger than its dc resistance for all values of s considered.
[1] Using the finite difference time domain (FDTD) method, we have calculated vertical electric field E z , horizontal (radial) electric field E h , and azimuthal magnetic field H 8 produced on the ground surface by lightning strikes to 160-m-and a 553-m-high conical strike objects representing the Peissenberg tower (Germany) and the CN Tower (Canada), respectively. The fields were computed for a typical subsequent stroke at distances d 0 from the bottom of the object ranging from 5 to 100 m for the 160-m tower and from 10 to 300 m for the 553-m tower. Grounding of the 160-m object was assumed to be accomplished by its underground basement represented by a 10-m-radius and 8-m-long perfectly conducting cylinder with or without a reference ground plane located 2 m below. The reference ground plane simulates, to some extent, a higher-conducting ground layer that is expected to exist below the water table. The configuration without reference ground plane actually means that this plane is present, but is located at an infinitely large depth. Grounding of the 553-m object was modeled in a similar manner but in the absence of reference ground plane only. In all cases considered, waveforms of E h and H 8 are not much influenced by the presence of strike object, while waveforms of E z are. Waveforms of E z are essentially unipolar (as they are in the absence of strike object) when the ground conductivity s is 10 mS/m (the equivalent transient grounding impedance is several ohms) or greater. Thus, for the CN Tower, for which s ! 10 mS/m, the occurrence of E z polarity change is highly unlikely. For the 160-m tower and for s = 1 and 0.1 mS/m, waveforms of E z become bipolar (exhibit polarity change) at d 0 10 m and d 0 50 m, respectively, regardless of the presence of the reference ground plane. The corresponding equivalent transient grounding impedances are about 30 and 50 W in the absence of the reference ground plane and smaller than 10 W in the presence of the reference ground plane. The source of opposite polarity E z is the potential rise at the object base (at the air/ground interface) relative to the reference ground plane. For a given grounding electrode geometry, the strength of this source increases with decreasing s, provided that the grounding impedance is linear. Potential rises at the strike object base for s = 1 and 0.1 mS/m are some hundreds of kilovolts, which is sufficient to produce electrical breakdown from relatively sharp edges of the basement over a distance of several meters (or more) along the ground surface. The resultant ground surface arcs will serve to reduce the equivalent grounding impedance and, hence, potential rise. Therefore, the polarity change of E z near the Peissenberg tower, for which s is probably about 1 mS/m, should be a rare phenomenon, if it occurs at all. The equivalent transient grounding impedance of the cylindrical basement is similar to that of a hemispherical grounding electrode of the same radius. For the 160-m tower and for hemispherical grounding electrode, the transient grounding impedance is higher than its dc grounding resistance for s = 10 and 1 mS/m, but lower for s = 0.1 mS/m. For the 553-m tower, the transient grounding impedance of hemispherical electrode is equal to or larger than its dc resistance for all values of s considered.
Introduction
[2] Lightning interaction with tall grounded objects has recently attracted considerable attention [e.g., Rachidi, 2007] . Since the waveform of lightning current is influenced by the transient process in the tall strike object [e.g., Rakov, 2001] , the associated electromagnetic fields in its vicinity as well as at far distances are also affected. Knowledge of lightning electromagnetic environment in the vicinity of tall strike object is needed in studying lightning return stroke processes at early times and for optimizing lightning protection means of nearby telecommunication and power distribution systems.
[3] Baba and Rakov [2005d] have compared vertical electric and azimuthal magnetic field waveforms due to a lightning strike to a conical conductor of height 160 m and base radius 32 m on perfectly conducting plane at distances 50, 100, and 150 m from the base center of the conical conductor, calculated using finite difference time domain (FDTD) method [Yee, 1966] for solving discretized Maxwell's equations, and the corresponding waveforms calculated for the transmission line (TL) representation (a lossless uniform TL having a characteristic impedance of 140 W (= 60 ln(cot(a/2)) = 60 ln(2 Â 160/32) where a is the half-cone angle) [e.g., Marcuvitz, 1951] ). Note that a different equation for characteristic impedance of a conical conductor excited at its apex [60 ln( p 2/sina)], proposed by Sargent and Darveniza [1969] , yields 120 W for the same conical conductor. The TL was terminated in a lumped grounding impedance of 60 W with the corresponding current reflection coefficient being 0.4. This relatively high grounding impedance, resulting in a relatively low current reflection coefficient, is an engineering approximation (first employed by Chisholm and Janischewskyj [1989] ) needed to account for the neglected attenuation of current waves propagating upward from the base of the conical conductor to its apex. The actual current reflection coefficient for the case of perfectly conducting ground is equal to 1 [Baba and Rakov, 2005d] . The calculated electric field waveforms are reproduced in Figure 1 . While TL-calculated azimuthal magnetic field waveforms at all the three distances considered and vertical electric field waveforms at distances 100 and 150 m agree reasonably well with the corresponding FDTD-calculated waveforms, the TL-calculated vertical electric field waveform at 50 m differs considerably from the corresponding FDTD-calculated waveform. One of the differences is a polarity change after its initial positive excursion (downward directed electric field vector is defined as positive, according to the atmospheric electricity sign convention). From this fact, they state that, although representation of vertical strike object by a lossless uniform TL terminated in a fictitious grounding impedance is justified in calculating lightning-generated magnetic fields and relatively distant electric fields, it is inadequate for calculating electric fields at distances that are considerably smaller than the height of the object. Thus, the electric field polarity change for the case of perfectly conducting ground appears to be an artifact of the uniform TL approximation, in which the neglected attenuation along the TL (which is actually nonuniform) is effectively ''lumped'' at the base of the strike object.
[4] The reason for the vertical electric field polarity change in the immediate vicinity of tall strike object follows directly from the simple electric field equation that is derived by Baba and Rakov [2005b, equation (13) ] who used the TL model [Uman et al., 1975] for the idealized case when the return stroke wavefront speed is equal to the speed of light, v = c [Thottappillil et al., 2001] , and the current reflection coefficient at the top of the object for upward propagating waves is equal to zero, r top = 0. This equation can be written as
where E z_tall is the vertical electric field on the ground surface due to a lightning strike to a tall object, I sc is the lightning short-circuit current which is defined as the lightning current that would be measured at an ideally grounded strike object of negligible height, d is the horizontal distance from the vertical lightning channel (or the strike object), h is the height of the strike object, r bot is the current reflection coefficient at the bottom of the strike object, and e 0 is the permittivity of vacuum. Initially,
1/2 /c < t < (h + d)/c, E z_tall is positive regardless of distance from the object, d, since only the first term of (1) contributes during this period. When t > (h + d)/c, the polarity of E z_tall depends on d and r bot : E z_tall is positive for r bot = 1 (since the second term of (1) is 0 at any distance), but it is negative for r bot < 1 and d ( h (so that 1/(d 2 + h 2 ) 1/2 < (1 À r bot )/(2d)). This negative electric field is due to the contribution of the second term of (1), which can be regarded as an electric field generated at the object bottom due to the appearance of voltage drop across the nonzero grounding impedance. Baba and Rakov [2005b] demonstrated the vertical electric field polarity change for the case of h = 100 m, d = 30 m, and r bot = 0 (see their Figure 9a ). It is important to note that the simplifying Figure 1 . Vertical electric field waveforms, calculated using the FDTD method (thin lines) and the lossless uniform TL theory (thick lines), due to lightning strikes to a 160-m-high perfectly conducting cone on a perfectly conducting plane, at distances of 50, 100, and 150 m from the base center of the cone. The TL had a characteristic impedance of 140 W and was terminated in a lumped grounding impedance Z g = 60 W. A current pulse representative of lightning subsequent return strokes [Nucci et al., 1990] (11 kA peak and 10-90% risetime of 0.15 ms) was injected into the lightning channel and 160-m-high cone. Adapted from Baba and Rakov [2005d] (# 2005 IEEE) . Note polarity change at 50 m for the ideal TL approximation and no such change for the full-wave FDTD solution.
assumptions of v = c and r top = 0 in their analysis do not materially influence E z_tall on the ground surface in the immediate vicinity of the strike object.
[5] A schematic diagram explaining the polarity change of vertical electric field in the immediate vicinity of tall strike object with reference to (1) is shown in Figure 2 . It is important to note that the occurrence of electric field polarity change requires r bot < 1, which, is only possible in the case of lossy ground.
[6] The vertical electric field polarity change in the vicinity of strike object has been examined in detail by Mosaddeghi et al. [2007] , who used a distributed source lightning return stroke model and lossless, uniform TL representation of a tall strike object [Rachidi et al., 2002] . They assumed in their analysis that r bot is 0.7 for the Peissenberg tower in Germany (they used a 168-m uniform TL for its representation in order to include the 8-m-deep basement (F. Heidler, personal communication, 2007) , although its actual height above ground surface is 160 m) and 0.8 for the 553-m-high CN Tower in Toronto, Canada. These values, r bot = 0.7 and 0.8, correspond to grounding impedances of 37 and 23 W, respectively, if the characteristic impedances of the towers are assumed to be Z ob = 208 W [= 60 ln(2 Â 160/10)] and 211 W [ = 60 ln(2 Â 553/33)] [e.g., Marcuvitz, 1951] , respectively. Mosaddeghi et al. explained the E z polarity change (they referred to it as polarity inversion) using equation (1) discussed above. Further, they derived the critical radial distance, d c , within which E z_tall exhibits polarity change. It is given by d c = (1 À r bot )h/2. They also offered an alternative interpretation of the field polarity change based on the general field equations [e.g., Uman et al., 1975] for the case of perfectly conducting ground.
[7] The initial motivation for this paper was to check if the E z polarity change identified by Rakov [2005b, 2005d] and studied in detail by Mosaddeghi et al. [2007] within the TL approximation is also predicted by a more rigorous full-wave solution for the case of lossy ground and to examine the influence of realistic grounding conditions.
[8] This paper is organized as follows. In section 2, we present the methodology for calculating electric and magnetic fields in the immediate vicinity of conical strike objects, using the FDTD method. In section 3, we show the calculated results for currents along the conical objects, and the close electric and magnetic fields for different values of ground conductivity, s = 0.1, 1, 10, 100 mS/m, and 1. Close electric and magnetic fields due to the same lightning strike to flat ground are also shown here. In section 4, we evaluate, from the current waveforms obtained in section 3, the reflection coefficients at the bottom of the strike objects, equivalent grounding impedances, and the potential rises at the bottom of the objects. We show that the vertical electric field polarity change near a tall strike object should be a rare phenomenon, because (1) grounding impedances of tall objects are typically low (a few ohms or less) and (2) in the case of relatively high grounding impedance, electrical breakdown in the soil or/and along the ground surface is likely to ''short-circuit'' the source of opposite polarity field. In Appendix A, we show that our FDTD calculations in the 2-D cylindrical coordinate system are consistent with predictions of Thottappillil et al.'s 
Methodology
[9] We calculate vertical electric fields, as well as horizontal (radial) electric and azimuthal magnetic fields, in the immediate vicinities of 160-m-high and 553-m-high conical conducting objects located on flat lossy or perfectly conducting ground, using the FDTD method for solving discretized Maxwell's equations in the two-dimensional (2-D) cylindrical coordinate system. Note that the use of the 2-D cylindrical FDTD method allows one to considerably reduce the computation time, compared to the 3-D FDTD method for the same structure, although it can deal with cylindrically symmetric structures only.
[10] Figure 3 shows a conical object of height 160 m (above the ground surface) and base radius 10 m, which has a cylindrical extension below ground surface of length 8 m and radius 10 m, to be analyzed using the FDTD method in the 2-D cylindrical coordinate system. This conical object simulates the Peissenberg tower in Germany, which has a height of 160 m and an 8-m-deep (two-storey) basement below ground surface (F. Heidler, personal communication, 2007) . Further, there should be a steel-reinforced concrete foundation below the 8-m-deep basement (neglected in this study). Also, there should be a higher conductivity ground layer below the water table (below which ground is saturated with water) at some depth below the foundation, which can materially influence grounding conditions. (According to Saraoja [1977, Table 2 ], the groundwater conductivity varies from 0.1 to 0.007 S/m.) In order to estimate, to some extent, the influence of the water table, we carried out calculations both in the presence of perfectly conducting plane (reference ground plane) 10 m below the ground surface (2 m below the 8-m-deep basement) and in the absence of this plane. Actual equivalent grounding conditions are probably between these two limiting cases. Since fields in the immediate vicinity of the strike object base are not significantly influenced by the value of return stroke speed [Mosaddeghi et al., 2007] , we employ here a vertical perfectly conducting wire to simulate the lightning return stroke channel, for which v = c.
[11] The ground conductivity is set to s = 0.1, 1, 10 mS/m, or 1 and relative permittivity is set to e r = 10. A voltage source, having a length of 0.5 m, is inserted between the top of the strike object and lightning channel. When a lightning strike to flat ground is simulated, the voltage source is inserted between the base of the channel and the center point of the upper face of the 8-m-deep and 10-m-radius cylindrical basement in order to keep the same grounding condition as in the presence of strike object, for direct comparison of results. The voltage source produces a pulse having a magnitude of 4.4 MV and a 10-90% risetime of RT = 0.15 ms. When this source is used in simulating a lightning strike to flat perfectly conducting ground, it injects into the channel a current pulse having a magnitude of 11 kA and a 10-90% risetime of 0.15 ms, which is thought to be typical for subsequent lightning return strokes.
[12] The CN Tower in Toronto, Canada, was represented by a 553-m-high conical strike object which had a base radius of 33 m, and whose grounding was assumed to be accomplished by a cylindrical extension below ground surface of length 15 m and radius 33 m. In reality, the foundation of the CN Tower is a 6.7-m-thick Y-shaped structure buried at a depth of about 15 m (apparently below the water table). It is made of about 7,000 m 3 of concrete with 454 metric tones of reinforcing steel and 36 metric tones of steel tensioning cables (see, for example, http:// www.cntower.com/cn_tower_history). The conductivity of ground near the CN Tower is of the order of s = 10 mS/m or higher (W. A. Chisholm, personal communication, 2007) . Such a structure should have a very low value of grounding impedance (probably essentially resistive and less than 1 W). Note that the grounding resistance of the 540-m-high Ostankino tower in Moscow, Russia, is estimated to be 0.2 W [Gorin et al., 1977] . A similar value of grounding resistance is expected for the 553-m CN Tower. The assumed 15-m-long cylindrical extension below the ground surface simulates, as a first approximation, the CN Tower foundation. In the FDTD calculations, we assume that the strike object (including its buried part) is perfectly conducting, ground conductivity s = 0.1, 1, 10, 100 mS/m, or 1 (not all values were used for each case), and ground relative permittivity e r = 10. The value of s = 100 mS/m appears to be too high, but s > 10 mS/m is realistic: for example, the average value of s in Belgium is about 33 mS/m (C. Bouquegneau, personal communication, 2007) . No reference ground plane like that employed for the 160-m-high strike object is considered, because the bottom of the CN Figure 3 . A perfectly conducting cone of height 160 m and base radius 10 m, which has a cylindrical extension below ground surface of length 8 m and radius 10 m, to be analyzed using the 2-D-cylindrical FDTD method. A perfectly conducting plane (reference ground plane, not shown in the figure) is placed 10 m below the ground surface for some of the calculations. A lumped voltage source is inserted between the cone apex and a vertical perfectly conducting wire simulating lightning channel. The conductivity of ground is set to s = 0.1, 1, 10 mS/m, or 1, and the relative permittivity is set to e r = 10. The twodimensional working volume of 1600 m Â 1700 m is divided into 0.5 m Â 0.5 m square cells. The top, bottom, and side boundaries are set to Liao's second-order absorbing boundary condition [Liao et al., 1984] in order to avoid reflections there.
Tower foundation is apparently below the water table. The same voltage source as that used for energizing the 160-m strike object and the lightning channel is inserted between the top of the 553-m-high strike object and the lightning channel.
[13] Currents and fields are calculated up to 5 or 7 ms with a time increment of 1 ns. The two-dimensional working space of 1600 m Â 1700 m shown in Figure 3 (same for both the 160-m-and 553-m-high objects) is divided into 0.5 m Â 0.5 m square cells. Because of such discretization with 0.5 m Â 0.5 m square cells, the conical object has a staircase surface. The thickness of the ground is set to 100 m, which is larger than the horizontal electric field penetration depth [e.g., Cheng, 1993] , d = (pfm 0 s) À1/2 = 1.1 to 36 m for s ranging from 100 to 0.1 mS/m, m 0 = 4p Â 10
À7
, and f = 2 MHz. The top, bottom, and side boundaries are set to Liao's second-order absorbing boundary condition [Liao et al., 1984] in order to avoid reflections there.
Analysis and Results

Lightning Currents and Associated Fields for Lightning Strike to Flat Ground
[14] We first consider the case of strike to flat ground, which will be used as a reference for the cases involving strike objects. Figure 4 shows FDTD-calculated waveforms of current at different heights z 0 = 0, 40, 80, 120, and 160 m along the lightning channel for two values of ground conductivity, s = 1 mS/m and 0.1 mS/m. The finitely conducting ground is assumed to occupy the entire lower half-space (no reference ground plane). Current waveforms calculated for s = 1 and 10 mS/m are not shown here, because they are almost the same as the waveforms for s = 1 mS/m shown in Figure 4a . As stated in section 2, the voltage source, which produces a pulse having a peak of 4.4 MV and a 10 -90% risetime of 0.15 ms, is inserted between the base of the lightning channel and the center point of the upper face of the 8-m-deep and 10-m-radius perfectly conducting cylindrical basement. Peak values of the channel base current are 10.93, 10.83, 10.71, and 10.67 kA for s = 1, 10, 1, and 0.1 mS/m, respectively. As expected, the current peak decreases with decreasing s, but the decrease is relatively small, implying that the channel impedance is much larger than the grounding impedance. The equivalent impedance of the lightning channel is estimated, as the ratio of the applied voltage peak and the channel base current peak (the two peaks occur at almost the same time) for the case of s = 1, to be 403 W ( This shows that the presence of a large conducting basement below ground surface significantly reduces the grounding impedance. Note that the equivalent impedance of the lightning channel, estimated in the above manner for an applied voltage whose 10 -90% risetime is 1.4 ms, is 528 W, and the estimated transient grounding impedance values are 7, 21, and 104 W for s = 10, 1, and 0.1 mS/m, respectively. These latter impedance values are higher than the corresponding values estimated for the applied voltage risetime of 0.15 ms, which indicates that both the channel impedance and the transient grounding impedance depend on frequency.
[15] Figure 5 shows FDTD-calculated waveforms of vertical electric field E z on the ground surface at different distances from Figure 5 that the peak value of E z is insensitive to the value of s although the E z waveforms at d 0 = 15 and 20 m for s = 0.1 mS/m exhibit a hump just after its initial rising that is not observed in the other case. As expected, in all cases considered, waveforms of E z are positive (atmospheric electricity sign convention) regardless of s.
[16] Figure 6 shows FDTD-calculated waveforms of horizontal (radial) electric field E h on the ground surface Figure 5a . E z is positive (atmospheric electricity sign convention) regardless of s, and its peak value is insensitive to s. Note that E h decreases with increasing s, vanishing as s approaches 1. 15, 20, 30, 40, 60, 110, 210 , and 310 m from the channel base for s = 10, 1, and 0.1 mS/m. E h exhibits negative polarity (directed toward the channel base, so that negative charge is transported away from the channel base) regardless of s (except for s = 1). With increasing s, it decays more quickly after its peak. The peak value of E h becomes smaller with increasing s, vanishing when s approaches infinity.
[17] Figure 8 that a current wave exhibits slight (3%) attenuation due to the propagation from the apex at z 0 = 160 m to z 0 = 80 m, because the conical strike object and the vertical wire excited at their junction (see Figure 3) do not constitute an ideal biconical structure that supports a spherical TEM field structure. If the channel-representing wire in Figure 3 were replaced by an inverted cone to form a biconical structure, the current wave would propagate along the strike object without attenuation, since the resultant field structure around the biconical structure would be TEM (until the ground reflection disturbs it).
[19] It follows from Figure 8 that a current wave suffers significant attenuation while it propagates from the base to apex even for the case of s = 1. As a result, any r bot < 1 inferred from the difference between incident and reflected waves at the tower top is fictitious, because for s = 1 it has nothing to do with grounding. For the case of s = 1, r bot = 0.59 (since the peak of ground reflected current wave at the tower top is about 2.9 kA for the peak of injected current wave being 7.2 kA, (1 + r top ) r bot = 2.9/7.2) if the characteristic impedance of the conical strike object is assumed to be equal to that of ideal biconical structure given by Z ob = 60 ln (2 Â 160/10) = 208 W [Marcuvitz, 1951] and the characteristic impedance of the channel is assumed to be 404 W (see section 3.1, thus, r top = (208 À 404)/ (208 + 404) = À0.32). The corresponding fictitious equivalent grounding impedance is estimated to be Z gr = 54 W. If inferred from tower-top measurements, r bot can be viewed as the product of the fictitious value of 0.59 associated with current attenuation along the tower and the actual current reflection coefficient associated with imperfect grounding.
[20] Figure 9 shows FDTD-calculated waveforms of vertical electric field E z on the ground surface at different distances Note that the dip at 1.6 to 1.7 ms observed in each waveform shown in Figure 9 is due to the current wave reflected from the top of the strike object. No dip is observed when both the lightning channel and the strike object are represented by conductors of the same geometry. Note that the initial positive peak value of E z shown in Figure 9 is not much influenced by s since it is primarily determined by initial current waves propagating upward along the lightning channel and downward along the strike object (neither of them is influenced by s). Thus, for the Peissenberg tower, the polarity change is expected only if s 1 mS/m. Presently, we do not have any information on s in the vicinity of Peissenberg tower, but the value of 1 mS/m appears to be reasonable. Indeed, our r bot = 0.75 (see section 4.1 and Table 1) estimated for s = 1 mS/m is similar to r bot = 0.7 obtained from the simultaneously measured current waveforms at the top and bottom of the Peissenberg tower by Heidler et al. [2001] .
[21] Figure 10 shows FDTD-calculated waveforms of horizontal (radial) electric field E h on the ground surface at different distances d 0 = 5, 10, 20, 30, 50, 100, 200 , and 300 m from the edge of the conical strike object for s = 10, 1, and 0.1 mS/m. In contrast with E z , waveshapes and magnitudes of E h are quite similar to those for the flat ground case shown in Figure 6 , except for the dip observed at 1.6 ms or so in each waveform shown in Figure 10 . Close E z waveforms are significantly influenced by the presence of tall strike object because of the boundary condition on this field component on the surface of the object (E z must vanish there). Similarly to E z waveforms, the dip in E h waveforms is due to the current wave reflected from the top of the strike object. When s = 10 mS/m, E h at distances d 0 = 5 to 300 m becomes positive briefly owing to the presence of the dip. Negative polarity of E h means that it is directed toward the strike object, so that negative lightning charge is transported away from the object base, and the brief positive excursion indicates a brief reversal of this charge flow. However, the dip causing the slight polarity change is unlikely to be measurable, since its magnitude is much smaller than the initial peak of E h . As stated above, no dip is observed when both the lightning channel and the strike object are represented by conductors of the same geometry. When s = 1 mS/m, E h at distances d 0 = 100 to 300 m becomes slightly positive, but this brief polarity change is not discernible in Figure 10b . When s = 0.1 mS/m, E h is negative at any distance considered.
[22] Figure 11 shows FDTD-calculated waveforms of azimuthal magnetic field H 8 on the ground surface at different distances d 0 = 5, 30, and 100 m from the base of the strike object for s = 1 and 0.1 mS/m. H 8 waveforms calculated for cases of s = 1 and 10 mS/m are not shown here, since they are almost the same as the waveform shown in Figure 11a 
The 553-m-High Strike Object
[23] Figure 12 shows FDTD-calculated waveforms of current at different heights along the 553-m-high strike object for s = 10 mS/m and 1 mS/m in the absence of reference ground plane. It is seen in Figure 12 that the current wave suffers significant attenuation while it propagates from the base to apex and only slight attenuation when it propagates from the apex to the base. For the case of s = 1 (the corresponding current waveforms are not shown here), r bot = 0.48 (since the peak of ground reflected current wave at the tower top is about 2.4 kA for the peak of injected current wave being 7.2 kA, (1 + r top ) r bot = 2.4/7.2) if the characteristic impedance of the conical strike object is assumed to be equal to that of ideal biconical structure given by Z ob = 60 ln (2 Â 553/33) = 211 W [Marcuvitz, 1951] and the characteristic impedance of the channel is assumed to be 404 W (see section 3.1, thus, r top = (211 À 404)/(211 + 404) = À0.31). The corresponding fictitious equivalent grounding impedance is estimated to be Z gr = 74 W. If inferred from tower-top measurements, r bot can be viewed as the product of the fictitious value of 0.48 associated with current attenuation along the tower and the actual current reflection coefficient associated with imperfect grounding.
[24] Figure 13 shows FDTD-calculated waveforms of vertical electric field E z on the ground surface at different distances from the edge of the conical strike object for s = 10 mS/m and 1 mS/m. Although waveforms of E z shown in Figures 13a and 13b are similar to the corresponding waveforms for the 160-m-high strike object shown in Figures 9b and 9c , the magnitudes are smaller, because I ref is the peak of ground-reflected current wave at z 0 = 0 for the incident current wave having a peak of 6.35 kA. Also given are the values of potential rise V bot at the bottom of the strike object calculated as the product of the current peak I bot at the bottom of strike object and Z gr . (the expected value for the CN Tower), this dip is the cause of a slight polarity change at d 0 40 m. Thus, for the CN Tower, a slight polarity change (although the wave reflected from the top of the object is not illustrated in Figure 2 ) might be expected. However, we do not attach much significance to this feature, because it is unlikely to be measurable. Similar to the 160-m object, the initial positive peak value of E z shown in Figure 13 is not much influenced by s, since it is primarily determined by initial current waves propagating upward along the lightning channel and downward along the strike object (both of them are not influenced by s).
[25] Figure 14 is similar to Figure 13 , but for the horizontal (radial) electric field E h . It appears from Figures 14a and 14b that the polarity change of E h occurs at all distances considered (even at d 0 = 400 m) when s = 10 mS/m, and it occurs at d 0 ! 40 m when s = 1 mS/m. Waveforms and magnitude of E h are quite similar to the corresponding waveforms and magnitudes for the flat ground case shown in Figure 6 , except for the dip observed at 5.6 ms or so.
However, this dip causing the slight polarity change is probably not significant, since its magnitude is much smaller than the initial peak of E h .
Lightning Currents and Associated Fields in the Presence of 160-m-High Strike Object and Reference Ground Plane
[26] It is shown in section 3.2.1 that, when s = 1 and 0.1 mS/m, in the absence of reference ground plane, vertical electric field E z becomes negative after its initial positive excursion at d 0 10 m and 50 m, respectively. In this section, we calculate currents at different heights along the 160-m-high conical strike object for two values of s = 1 and 0.1 mS/m in the presence of the reference ground plane located 10 m below the ground surface (2 m below the 8-mdeep basement), and E z and E h at different distances from the edge of the strike object. As noted in section 2, this configuration simulates, to some extent, the influence of the water table below which ground is saturated with water. [27] Figure 15 shows FDTD-calculated current waveforms at different heights along the 160-m-high conical strike object for two values of s = 1 and 0.1 mS/m. The ground reflected wave produces a shoulder prior to the global current peak, which does not occur in the absence of the reference ground plane. Although the peak of the ground reflected current wave in the presence of the reference ground plane (see Figures 15a and 15b) is larger than the peak in its absence (see Figures 8c and 8d) , the shoulder magnitude is almost the same as the peak in Figure 8 . This indicates that the presence of the reference ground plane located 2 m below the tower basement cannot influence grounding impedance at early times (within initial 200 ns or so), although it can reduce the grounding impedance at later times. The value of r bot estimated from the peak of the ground reflected current wave is close to 1 and the value of Z gr is close to 0. Although the shoulder noted above is not seen in the case of injected current wave having a 10-90% risetime of 1.4 ms (the corresponding E z waveforms are not shown here), the current peak becomes about 10% and 20% (for s = 1 and 0.1 mS/m) larger than that in the absence of reference ground plane.
[28] Figure 16 shows FDTD-calculated E z waveforms on the ground surface at different distances from the base of the strike object for two values of s = 1 and 0.1 mS/m. In the presence of the reference ground plane, the waveforms and magnitudes of E z are similar to those in the absence of reference ground plane (see Figures 9c and 9d) , and the polarity change of E z occurs in a similar manner. In the case of injected current wave having a 10-90% risetime of 1.4 ms, 5 m is greater in the presence of the reference ground than in its absence. Further, the polarity change of E z occurs for s = 1 and 0.1 mS/m when the distance between the bottom of the tower basement and the reference ground plane is reduced from 2 to 1 m (corresponding waveforms are not shown in this paper), while it does not occur when the tower basement is in contact with the reference ground plane (not shown in this paper either). Interestingly, if a 30-m-radius disc-shape electrode were connected to the bottom of the tower basement in the absence of the reference ground plane, the polarity change of E z would not occur for s = 1 Figure 14 . Similar to Figure 13 but for the horizontal (radial) electric field E h . Negative polarity indicates that negative charge is transported away from the strike object (or positive charge is transported toward the strike object). [29] Figure 17 shows FDTD-calculated E h waveforms on the ground surface at different distances from the base of the conical strike object for three values of s = 10, 1, and 0.1 mS/m. When s = 10 mS/m, similarly to the case of no reference ground plane (Figure 9a ), E h at all distances considered (d 0 = 5 to 300 m) becomes positive briefly around 1.6 ms or so. As stated in section 3.2.1, however, the dip causing the slight polarity change has magnitude that is much smaller than the initial peak of E h . For s = 1 and 0.1 mS/m, E h briefly becomes positive two or more times at d 0 ! 20 m and d 0 ! 10 m, respectively. Although the initial peak value of E h is not much influenced by the presence of reference ground plane, its magnitude at later times becomes smaller when this plane is present (since the tangential electric field component on this plane must be zero). Note that oscillations having a period of about 0.4 ms or so in Figure 17c for s = 0.1 mS/m are probably due to successive reflections between the air/ground interface and the reference ground plane (two-round-trip time between these planes is estimated to be 4 Â 10 m Â p e r / c = 0.42 ms).
Discussion
The 160-m-High Strike Object
[30] We first evaluate the equivalent current reflection coefficient at the bottom of the 160-m-high conical strike object, r bot , and the equivalent transient grounding impedance, Z gr , from FDTD-calculated current waveforms shown in Figures 8 and 15 . We evaluate r bot and Z gr from the current deficit (relative to the case of s = 1) at the bottom of the strike object. When the ground conductivity is s = 1, which corresponds to r bot = 1, the current peak at the object bottom (z 0 = 0) is 12.7 kA (see Figure 8a ). On the basis of this, we estimate that the peak of downward current wave incident to the object bottom is 6.35 kA (= 12.7 kA/2). For s = 10, 1, and 0.1 mS/m, peaks of current waves at the object bottom are 12.3, 11.1, and 10.1 kA (see Figures 8b,  8c , and 8d), respectively, in the absence of the reference ground plane. Therefore, peaks of reflected current waves at the object bottom are 5.95 kA (= 12.3 kA À 6.35 kA), 4.75 kA (= 11.1 kA À 6.35 kA), and 3.75 kA (= 10.1 kA À 6.35 kA), respectively, and the corresponding equivalent current reflection coefficients are r bot = 0.94 (= 5.95 kA/ 6.35 kA), 0.75 (= 4.75 kA/6.35 kA), and 0.59 (= 3.75 kA/ 6.35 kA). Assuming that the characteristic impedance of the conical strike object shown in Figure 3 is equal to 208 W (see section 3.2.1), we estimate equivalent transient grounding impedances to be Z gr = (1 À r bot )Z ob /(1 + r bot ) = 6.4, 30, and 54 W for s = 10, 1, and 0.1 mS/m, respectively. The evaluated r bot and Z gr are summarized in Table 1 . Note that these values of Z gr are larger than the corresponding grounding impedance values (3, 8, and 9 W) obtained in section 3.1 for the flat ground case from the ratio of the applied voltage and the channel base current.
[31] We additionally evaluated Z gr for the same 160-m-high conical strike object, but having a 10-m-radius hemispherical grounding electrode (a widely used first approximation when actual geometry of grounding electrode is unknown) instead of the 8-m-deep cylindrical underground extension. For the hemispherical grounding electrode, values of Z gr are 7.5, 32, and 64 W for s = 10, 1, and 0.1 mS/m, respectively, which are similar to the corresponding values for the 8-mlong cylindrical electrode estimated above. The theoretical dc grounding resistance for a hemispherical grounding electrode of radius r is given by 1/(2psr) [e.g., Saraoja, 1977] and for r = 10 m is 1.6, 16, and 160 W for s = 10, 1, and 0.1 mS/m, respectively. Both transient grounding impedance and dc grounding resistance for the hemispherical grounding electrode, each as a function of s, are shown in Figure 18 (see also Table 2 ). The reason why the transient grounding impedance values obtained from the groundreflected current wave for s = 10 and 1 mS/m (Z gr = 7.5 and 32 W) are somewhat larger than the corresponding dc resistance values (1.6 and 16 W) is the skin effect [e.g., Cheng, 1993] (the horizontal electric field penetration depth in medium of s = 10 or 1 mS/m and m 0 = 4p Â 10 À7 at f = 2 MHz is d = (pfm 0 s) À1/2 = 3.6 or 11 m). The reason why the grounding impedance value obtained from the groundreflected current wave for s = 0.1 mS/m (Z gr = 64 W) is smaller than the corresponding dc resistance (160 W) is the capacitive effect of ground (the capacitive impedance of a 10-m-radius hemispherical electrode in a medium of e r = 10 at f = 2 MHz is (2pf Â 2pe 0 e r r) À1 = 60 W, so that for s = 0.1 mS/m the displacement current component is larger than the conduction current). For a conical strike object with the hemispherical grounding electrode, the polarity change of E z occurs at d [32] In the presence of the reference ground plane, the current peaks at the object bottom (z 0 = 0) are 12.1 and 12.4 kA for s = 1 and 0.1 mS/m, respectively (see Figures 15a and 15b) . Therefore, peaks of reflected current waves at the object bottom are 5.75 kA (= 12.1 kA À 6.35 kA) and 6.05 kA (= 12.4 kA À 6.35 kA), respectively, and the corresponding equivalent current reflection coefficients are Figure 18 . Transient grounding impedances and dc resistances for hemispherical grounding electrodes of radius r = 10 and 33 m, each as a function of s, corresponding to the 160-m-and 553-m-high strike objects, respectively. Table 1 . It is seen in Figures 16a and 16b that in the presence of reference ground plane E z polarity change can occur at d [33] When the tower basement is in contact with the reference ground plane at a depth of 8 m from the ground surface, the polarity change of E z does not occur for either s = 1 mS/m or s = 0.1 mS/m (no polarity change for higher values of s is expected even in the absence of reference ground plane). This is because no upward directed (negative) vertical electric field is generated in the gap between the tower basement and the reference ground plane. On the other hand, when there is a lossy ground ''gap'' between the strike object basement and the reference ground plane, the vertical potential difference is generated when current flows through this ''gap'' from the tower basement to the reference ground plane. This vertical potential difference plays a role of source that radiates upward directed (negative) vertical electric field outward causing the polarity change of E z on the ground surface in the immediate vicinity of the object. Figures 19a and 19b show FDTDcalculated waveforms of vertical electric field just below the bottom of the 8-m-deep basement in the ground of s = 1 and 0.1 mS/m, respectively, both in the presence and absence of the reference ground plane 2 m below the basement. It is clear from Figures 19a and 19b that strong vertical electric field is generated below the bottom of the tower basement, and that it is larger in the presence of the reference ground plane than in its absence. The latter explains why the negative peak at d 0 10 m is greater in the presence of the reference ground plane than in its absence. There is, however, a chance of electrical breakdown between the basement and the reference ground plane (particularly near the edge of the cylindrical surface) that should cause relaxation of the opposite polarity vertical electric field. When the magnitude of tower bottom current is larger than 30 kA, the electric field in a soil of s = 0.1 mS/m near the edge of the cylindrical basement surface will exceed the soil breakdown field value that is often assumed to be about 300 kV/m [Mousa, 1994] .
The 553-m-High Strike Object
[34] The equivalent current reflection coefficients at the ground surface, evaluated in the same manner as done in section 4.1, are r bot = 0.97, 0.92, 0.77, and 0.59 for s = 100 mS/m, 10 mS/m, 1 mS/m, and 0.1 mS/m, respectively (corresponding current waveforms for s = 100 mS/m and 0.1 mS/m are not shown in this paper). Assuming that the characteristic impedance of the conical strike object is equal to 211 W (see section 3.2.2), we estimate the equivalent transient grounding impedances to be Z gr = (1 À r bot )Z ob / (1 + r bot ) = 3. 2, 8.8, 27 , and 54 W for s = 100 mS/m, 10 mS/m, 1 mS/m, and 0.1 mS/m, respectively. The values of r bot and Z gr for different s are summarized in Table 3 . We addition- Figure 19 . FDTD-calculated waveforms of vertical electric field E z just below the edge of the 8-m-deep strike object basement for ground conductivity of (a) 1 mS/m and (b) 0.1 mS/m, both in the presence and absence of the reference ground plane located 2 m below the tower basement. Peak currents at the object base are 12.1 and 11.1 kA for cases with and without reference ground plane, respectively, in Figure 19a and 12.4 and 10.1 kA, respectively, in Figure 19b . Grounding is accomplished by its 33-m-radius and 15-m-long cylindrical extension below the ground surface. I ref is the peak of ground reflected current wave at z 0 = 0 for the incident current wave having a peak of 6.55 kA. Also given are the values of potential rise V bot at the bottom of the strike object calculated as the product of the current peak I bot at the bottom of strike object and Z gr . Table 4 ).
[35] From measured current waveforms near the top of the CN Tower, Janischewskyj et al. [1996] estimated r bot to range from 0.34 to 0.43. However, these values should include both the effect of ground reflection and the effect of current attenuation along the tower (see section 3.2). Probably in order to partially eliminate the current attenuation effect, Mosaddeghi et al. [2007] used a higher value of r bot = 0.8 for the CN Tower in their study of close vertical electric field polarity change. This latter value corresponds to the equivalent transient grounding impedance Z gr = 23 W, which is about three times higher than 8.8 W based on our FDTD calculations when the ground conductivity s is assumed to be 10 mS/m and about seven times higher when s = 100 mS/m. Recall that s in the vicinity of the CN Tower is expected to be !10 mS/m. Interestingly, Petrache et al. [2005a] , using the Numerical Electromagnetic Code (NEC-4), estimated r bot for the CN Tower to be 0.75 and 0.52 for s = 10 and 1 mS/m, respectively, for an unrealistic grounding system composed of 6 vertical 15-m-long wires [see also Petrache et al., 2005b] .
Likelihood of Vertical Electric Field Polarity Change Near Tall Strike Objects
[36] It follows from the above that the polarity change of E z in the immediate vicinity of tall strike object does not occur when the ground conductivity is equal to or greater than about 10 mS/m. The polarity change of E z may occur when ground conductivity is lower than several mS/m, although it may be suppressed by electrical breakdown in the soil or/and along the ground surface.
[37] On the basis of evidence of the formation of plasma channels (fulgurites) in sandy soil and optical records showing electrical arcing along the ground surface, Rakov et al. [1998] inferred that surface and underground plasma channels may be the principal means of lowering the lightning grounding impedance. In their triggered lightning studies, optically detectable surface arcs developing radially from a vertical ground rod were produced by essentially all strokes with peak currents exceeding 15 kA. The observed horizontal extent of surface arcs was up to 20 m, and the arc current was estimated in one case to be about 1 kA, or 5% of the total lightning current peak in that stroke. Further, injection of laboratory currents up to 20 kA into loamy sand in the presence of water sprays imitating rain resulted in surface arcing that significantly reduced the grounding resistance at the peak current [Wang et al., 2005; M. Darveniza, personal communication, 1995] . Bazelyan and Raizer [2000] found from their laboratory experiments and modeling that surface arcs developing at a speed of 10 6 to 10 7 m/s is the most likely mechanism of grounding impedance reduction by lightning current. They stated that a voltage as low as 135 kV was required to bridge a 5-m-long gap by such an arc. It might be expected that a voltage of some tens of kV would be needed to bridge a 1-to 2-m-long gap.
[38] We estimated potential rises at the bottom of the 160-m-high strike object to be from 79 to 550 kV (see Table 1 ) as s varied from 10 to 0.1 mS/m (in the absence of reference ground plane). The corresponding values for the 553-m-high strike object are 110 to 560 kV (see Table 3 ). In either case, the potential rise appears to be sufficient for producing electrical breakdown from relatively sharp edges of the foundation over a few to a few tens of meters along the ground surface, which should serve to reduce the equivalent grounding impedance. Note that the above values of potential rise are estimated for relatively small (<15 kA) peak currents at the bottom of strike object. Larger currents will result in higher potential rises and longer surface arcs. Since the arcs develop at a speed of 1 to 10 m/ms [Bazelyan and Raizer, 2000] , some reduction of grounding impedance should occur before the current peak (particularly when RT > 1 ms).
[39] It appears that the E z polarity change near a tall strike object should be a rare phenomenon, because (1) grounding impedances of tall objects are typically low (as in the case of the CN Tower) and (2) in the case of relatively high grounding impedance, electrical breakdown in the soil or/ and along the ground surface is likely to ''short-circuit'' the source of opposite polarity field. The latter scenario may apply to the Peissenberg tower.
Summary
[40] We have calculated vertical electric field E z , horizontal (radial) electric field E h , and azimuthal magnetic field H 8 produced on the ground surface by lightning strikes to a 160-m-and a 553-m-high conical strike objects representing the Peissenberg tower and the CN Tower, respectively. The fields were computed for a typical subsequent stroke at distances d 0 from the bottom of the object ranging from 5 to 100 m for the 160-m tower and from 10 to 300 m for the 553-m tower. Grounding of the 160-m object was assumed to be accomplished by its underground basement repre- Theoretical dc grounding resistances for the 33-m-radius hemispherical grounding electrode and values of Z gr for object without grounding electrode are additionally included. In the absence of strike object, Z gr = 0 regardless of s, because the 33-m-radius hemispherical electrode behaves as a perfectly conducting ground plane during the initial 0.22 ms, which is longer that the applied voltage risetime of 0.15 ms.
sented by a 10-m-radius and 8-m-long cylinder with or without a reference ground plane located 2 m below. Grounding of the 553-m object was modeled in a similar manner, but in the absence of reference ground plane only. In all cases considered, waveforms of E h and H 8 are not much influenced by the presence of strike object, while waveforms of E z are. Waveforms of E z are essentially unipolar (as they are in the absence of strike object) when the ground conductivity s is 10 mS/m (the equivalent transient grounding impedance is several ohm) or greater. Thus, for the CN Tower, for which s ! 10 mS/m, the occurrence of E z polarity change is highly unlikely. For the 160-m tower and for s = 1 and 0.1 mS/m, waveforms of E z become bipolar (exhibit polarity change) at d 0 10 m and d 0 50 m, respectively, regardless of the presence of the reference ground plane. The corresponding equivalent transient grounding impedances are about 30 and 50 W in the absence of the reference ground plane and smaller than 10 W in the presence of the reference ground plane. Results obtained for return stroke current 10 -90% risetimes of 0.15 and 1.4 ms are similar. The source of opposite polarity E z is the potential rise at the object base (at the air/ground interface) relative to the reference ground plane. For a given grounding electrode geometry, the strength of this source increases with decreasing s, provided that the grounding impedance is linear. Potential rises at the strike object base for s = 1 and 0.1 mS/m are some hundreds kilovolts, which is sufficient to produce electrical breakdown from relatively sharp edges of the foundation over a distance of several meters (or more) along the ground surface. The resultant ground surface arcs will serve to reduce the equivalent grounding impedance and, hence, potential rise. Therefore, the polarity change of E z near the Peissenberg tower, for which s is probably about 1 mS/m, should be a rare phenomenon, if it occurs at all. The equivalent transient grounding impedance of cylindrical basement is similar to that of a hemispherical grounding electrode of the same radius. For the hemispherical grounding electrode, the transient grounding impedance is higher than its dc grounding resistance for s = 10 and 1 mS/m, but lower for s = 0.1 mS/m. For the 553-m tower, the transient grounding impedance of hemispherical electrode is equal or larger than its dc resistance for all values of s considered. [41] In this appendix, we show that waveshapes and magnitudes of the vertical electric field E z and azimuthal magnetic field H 8 at the ground surface due to a vertical lightning strike to flat perfectly conducting ground calculated using the FDTD method in the 2-D cylindrical coordinate system are consistent with corresponding fields calculated using exact analytical expressions derived by Thottappillil et al. [2001] . These latter expressions are valid for the TL model, vertical lightning channel terminating on flat perfectly conducting ground, and return stroke front speed equal to the speed of light (v = c).
[42] In the FDTD procedure, we used the distribution of current along the lightning channel given by I (z 0 , t) = (1 + r gr )/2 Â I sc (0, t À z 0 /v) [Baba and Rakov, 2005a] with v = c and r gr = 1 (current reflection coefficient at the channel base for the case of lightning strike to flat ground), which was represented by a vertical array of current sources [Baba and Rakov, 2005c] . The lightning short-circuit current I sc (0, t), defined as the lightning current that would be measured at an ideally grounded strike object of negligible height, was the same as that proposed by Nucci et al. [1990] . The peak of this current waveform is 11 kA, and the 10 -90% RT is 0.15 ms. Currents and fields were calculated up to 5 ms with a time increment of 1 ns. The two-dimensional working space of 1600 m Â 1700 m, which was the same as that shown in Figure 3 , was divided into 0.5 m Â 0.5 m square cells. Figure A1 . (a) Waveforms of vertical electric field E z on the flat perfectly conducting ground surface at distances d = 5, 10, 20, 50, and 100 m from a lightning strike to ground calculated for the case of v = c using the FDTD method in the 2-D cylindrical coordinate system and Thottappillil et al.'s [2001] exact analytical expressions and (b) those of azimuthal magnetic field H 8 . Lightning short-circuit current waveform, I sc , having a peak of 11 kA was used.
[43] Thottappillil et al.'s [2001] analytical expressions for E z and H 8 on the ground surface at distance d from the lightning channel are reproduced below.
Note that (A1) gives the exact total electric field which can be viewed as the sum of the electrostatic, induction, and radiation components [e.g., Uman et al., 1975] . Similarly, (A2) gives the exact total magnetic field which can be viewed as the sum of the induction and radiation components.
[44] Figures A1a and A1b show waveforms of E z and H 8 at distances d = 5, 10, 20, 50, and 100 m calculated using the FDTD method and exact equations (A1) and (A2). Peaks of E z and H 8 at distances d = 5, 10, 20, 50, and 100 m calculated using these two approaches are summarized in Table A1 . It follows from Figures A1a and A1b and Table  A1 that waveforms of E z and H 8 calculated using these two approaches are practically indistinguishable from each other and the difference in field peaks is less than 1% at all distances considered. 
